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Abstract
In this paper we construct supersymmetric Pati-Salam (PS) models containing
the minimal supersymmetric standard model and an invisible axion. The models in-
clude two discrete symmetries, ZR4 ×ZN , which maintain the quality of the accidental
Peccei-Quinn (PQ) symmetry and thus the solution to the strong CP problem. We
require that the discrete anomaly conditions are satisfied for both ZR4 × G2PS and
ZN ×G2PS. The vacuum expectation value of the PQ field spontaneously breaks all
the discrete symmetries. R-parity is violated if any of the PQ field(s) has an odd
charge under ZR4 . We present two explicit models which we refer to as a minimal
model where R-parity violation is extremely suppressed, and a non-minimal model
where R-parity violation is significant. In the latter model, the neutralino becomes
unstable even if it is the Lightest Supersymmetric Particle (LSP), and, in addition,
there are new low-energy vector-like states. In both examples, R-parity violation is
sufficiently suppressed such that the proton is stable.
1kawamura.14@osu.edu
2raby.1@osu.edu
1 Introduction
The Peccei-Quinn (PQ) symmetry, U(1)PQ, provides an attractive solution to the strong
CP problem [1, 2]. The θ angle in Quantum Chromo Dynamics (QCD) settles at zero
dynamically due to the potential of a pseudo Nambu-Goldstone boson of PQ symmetry
breaking, i.e. the so-called axion, generated through QCD quantum effects [3,4]. Since the
PQ symmetry is an anomalous global symmetry, it will be broken by quantum gravity
effects. However, the PQ breaking effects should be extremely suppressed such that
the QCD axion potential still has a minimum at |θ| < 10−10 to be consistent with the
measurements of the neutron electric dipole moment [5–7]. This problem is known as the
axion quality problem [8–12].
In this paper, we propose simple models with Pati-Salam (PS) gauge symmetry and
non-anomalous discrete symmetries, ZR4 ×ZN , where N is an integer. We aim to construct
models in which the PQ symmetry arises as an accidental symmetry and its quality is en-
sured by the discrete symmetries 1. The Pati-Salam (PS) unification [22] of the Standard
Model (SM) is attractive because the SM fermions are unified into two multiplets, hy-
percharge is quantized, and the proton is not destabilized by exotic gauge/Higgs bosons.
Although the PS gauge symmetry, GPS := SU(4)C × SU(2)L × SU(2)R, is not grand
unified to a simple group, the PS model can be realized in an orbifold Grand Unification
Theory (GUT) in extra dimensions and from the heterotic string, for example, see Ref.
[23,24]. Thus gauge coupling unification can be assumed with small threshold corrections
at the GUT/compactification scale. It has been shown that the recent experimental data
can be explained very precisely in the PS model [25, 26].
We will consider PS models with supersymmetry (SUSY) and the discrete R-symmetry.
The Minimal Supersymmetric Standard Model (MSSM) is an attractive candidate for a
model at the TeV scale, since it solves the gauge hierarchy problem, three gauge couplings
constants are unified at the GUT scale and the electroweak (EW) symmetry breaking is
triggered radiatively. The ZR4 symmetry is a unique anomaly-free symmetry consistent
with the PS unification which can forbid the dimension-4 and dimension-5 operators re-
sponsible for proton decay, as well as the mass term of the Higgs doublets at the Planck
scale [27, 28]. Without the PQ field, R-parity exists exactly if the ZR4 symmetry is bro-
ken by non-perturbative effects associated with SUSY breaking, and thus the Lightest
Supersymmetric Particle (LSP) will contribute to the Dark Matter (DM).
We also introduce a non-anomalous ZN symmetry to solve the axion quality prob-
lem. Since the PQ field carries charges under both ZR4 and ZN symmetries, the non-zero
Vacuum Expectation Value (VEV) of it will break the discrete symmetries. Hence, there
can be R-parity Violation (RPV) due to the spontaneous breaking of the ZR4 symmetry,
if the PQ field carries odd R-charge. In this case we consider two viable scenarios of the
unstable LSP. One is that the RPV effect is so suppressed that the lifetime of the LSP is
much longer than the age of universe. In this case, the low-energy R-parity is accidental,
but is high quality such that the LSP contributes to the DM. The other scenario is that
the RPV is so large that the LSP decays before Big Bang Nucleosynthesis (BBN), and
thus the LSP is not the DM, i.e. the R-parity is low quality. The intermediate case is
excluded by experiments [29–33]. We will show examples for each of these scenarios.
1 See Refs. [13–21] for solutions to the quality problem.
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The rest of this paper is organized as follows. We introduce our generic model in
Section 2. Two models satisfying all the constraints are discussed in Section 3. We
conclude this paper in Section 4. The Higgs potential in our non-minimal model with
an extra bi-doublet field is discussed in Appendix A. The sizes of coupling constants of
operators in our examples are listed in Appendix B.
2 Generic Model
We introduce SUSY models based on the Pati-Salam gauge symmetry, which is broken
down to the SM at the GUT scale, and the discrete ZR4 and ZN symmetries. The goal of
the present paper is to study the conditions under which
(1) the mixed anomalies of the discrete/PS symmetries ZR4 ×G2PS and ZN ×G2PS cancel.
(2) the anomalous U(1)PQ symmetry is realized accidentally and is so high quality that
it solves the strong CP problem.
(3) the µ/b-term are generated around the SUSY breaking scale.
(4) any particles not in the MSSM are sufficiently heavy and quickly decaying.
(5) the gauge coupling constants are unified at a high scale.
The conditions (1) and (2) are for the non-anomalous discrete symmetry explanation for
the strong CP problem. The conditions (3) and (4) are phenomenological requirements.
The condition (5) may not be necessary for the Pati-Salam unification, but the gauge
coupling unification allows us to interpret this model as the 4 dimensional theory resulting
from an orbifold GUT in higher dimensions [23, 24]. In this paper, the three gauge
couplings are assumed to be approximately equal up to threshold corrections at the GUT
scale.
The R-parity may also arise accidentally, and thus the LSP may decay through in-
teractions induced by higher-dimensional operators. Phenomenologically viable scenarios
are which
(a) the lifetime of the LSP is much longer than the age of universe,
(b) the LSP decays before BBN.
We will show an example for each case in Section 3.
We will consider the following superpotential,
W = WPS +WPQ +∆W. (1)
Here, WPS is the leading superpotential including the MSSM fields and fields responsible
for the PS breaking. WPQ is the leading superpotential for the spontaneous PQ breaking
sector. ∆W includes higher-dimensional operators which will induce the µ/b-term for
the Higgs doublets as well as explicit PQ breaking and/or RPV. WPS and WPQ will be
introduced in Sections 2.1 and 2.2, respectively. The explicit PQ breaking and RPV are
respectively discussed in Sections 2.4 and 2.5.
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Table 1: Matter content of the generic model. There are Ng = 3 generations of Q and
Qc. The fields Σ and H are not included in our minimal model.
H Q Qc X Sc Sc Σ Σ H
SU(4)C 1 4 4 1 4 4 6 6 1
SU(2)L 2 2 1 1 1 1 1 1 2
SU(2)R 2 1 2 1 2 2 1 1 2
Z4R 0 1 1 2 0 0 2 2 0
ZN h −h− s s 0 s −s −2s 2s −h
2.1 Pati-Salam sector
The matter content of the generic Pati-Salam model is shown in Table 1. Λ is a cut-off
scale for the model. The leading superpotential is given schematically by
WPS = QHQc + 1
2Λ
S
c
QcS
c
Qc (2)
+X
(
S
c
Sc + ΣΣ+HH− v2PS
)
+X3 + ScΣSc + S
c
ΣS
c
+Ws=0,
where
Ws=0 = S
c
ΣS
c
+ ScΣSc, (3)
is allowed only if 4s ≡ 0 modulo N . The superpotential has R-charge 2 under ZR4 , while
it is neutral under ZN . Throughout this paper, we omit coupling constants which may
be O (1) 2. The MSSM quarks and leptons are contained in Q and Qc as
Q =
(
q ℓ
)
, Qc =
(
uc νc
dc ec
)
, (4)
where the rows are SU(2)R space and columns are the SU(4)C space. Here, the flavor
indices are implicit. In the minimal model without H, the MSSM Higgs doublets are in
the bi-doublet H. There are four Higgs doublets in the non-minimal model, and two linear
combinations of them correspond to the MSSM-like Higgs doublets, see Appendix A for
more details. Sc, S
c
are the PS breaking fields whose VEVs are given by 〈Sc〉 = vPSδ4αδi1
and 〈Sc〉 = vPSδ4αδi1, where α is the SU(4)C index and i is the SU(2)R index. The
Majorana masses of the right-handed neutrinos are generated from the last term on the
first line in Eq. (2) after PS breaking 3. The right-handed neutrino mass, MR, is then
2 The hierarchy in the SM Yukawa couplings may be explained by the Froggatt-Nielsen mechanism [34],
as studied in Refs. [26, 35].
3 This term can be obtained by integrating out a gauge singlet field N , which carries charges (1, 0)
under (ZR4 , ZN ), from a renormalizable superpotential S
c
QN + 1
2
MNNN . The mass parameter MN is
expected to be O (Λ).
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given by
MR ∼ v
2
PS
Λ
= 1014 GeV ×
( vPS
1016 GeV
)2(1018 GeV
Λ
)
. (5)
A singlet X with R-charge 2 is necessary to break the PS symmetry by the F-term
potential. The vacuum which breaks PS down to the SM gauge symmetry, with 〈ScSc〉 6= 0
and 〈ΣΣ〉 = 〈HH〉 = 〈X2〉 = 0, is a global minimum of the scalar potential in global
SUSY. The other directions would be stabilized by e.g. Planck suppressed operators in
the Ka¨hler potential and/or SUSY breaking mass terms. The sextet Σ forms a mass term
with the color anti-triplet in Sc (and triplet in S
c
if 4s ≡ 0). The charges under ZN are
chosen to be consistent with the superpotential Eq. (2) 4.
Σ and H are not included in the minimal model, but are necessary to have sizable
RPV interactions consistent with the conditions (1)-(5) as will be discussed in Section 3.2.
Without those fields, 4s ≡ 0 modulo N is required to make the triplets in both Sc and
S
c
having masses of O (vPS) via Ws=0. In the model with 4s 6≡ 0, one of the two color
triplets in Σ and Σ are remain massless after the PS breaking. The light (anti-)triplet σ
(σ) are defined as
σa := εabcΣbc, σa := εabcΣ
bc
, (6)
where a, b, c = 1, 2, 3 are the color indices. The (anti-)triplets (σ, σ) have hypercharge
(1/3,−1/3), and thus form a vector-like pair. In this paper, the hypercharge is defined
as Y = (B − L)/2 + T3R, where T3R is a generator of SU(2)R whose eigenvalue is 0 for
a singlet, ±1/2 for a doublet. In the non-minimal model, the bi-doublets H, H and the
triplets will have mass via
∆W ⊃ w0
(
ΣΣ +HH) , (7)
where w0 has charge (2, 0) and its size is expected to be the SUSY breaking scale. In
general, the VEV of the superpotential in a hidden sector would be a source for w0 [37]
5.
It is remarkable that the vector-like triplets (σ, σ) and doublets in H can be embedded
into a vector-like pair of (5, 5) under SU(5). Hence, gauge coupling unification may still
hold even with the exotic triplets, if they do not have any other mass larger than O (w0)
which could, in principle, originate from PQ breaking.
2.2 Peccei-Quinn sector
We introduce the PQ fields, P and P , which carry ZR4 and ZN charge (r, p) and (r, p),
respectively, and the vector-like PS quarks in Table 2. In the minimal model, P is not
necessary, but is required for sizable RPV interactions in addition to Σ and H. We will
4It has been shown that this superpotential is consistent with SUSY hybrid inflation [35,36]. The PS
breaking fields Sc and S
c
play a role of the waterfall fields, so that the PS symmetry is broken during
the inflation. Hence, the PS monopole is diluted away.
5 The mass term w0 could also originate from 〈X〉.
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Table 2: Charges of the PQ fields P , P and vector-like fields. The field P is not included
in our minimal model.
Ψ Ψ Ψc Ψ
c
P P
SU(4)C 4 4 4 4 1 1
SU(2)L 2 2 1 1 1 1
SU(2)R 1 1 2 2 1 1
Z4R 2−r−rΨ rΨ rΨ 2−r−rΨ r r
ZN −p− pΨ pΨ pΨ −p− pΨ p p
consider the KSVZ axion model with the vector-like fields [38, 39]. The superpotential is
given by
WPQ = PΨΨ+ P Ψ
c
Ψc +Wdec, (8)
where Wdec contains interactions for decays of the vector-like fields. In the minimal
model without P , the second term is replaced by PΨ
c
Ψc and the charge of Ψ
c
is given by
(2 − r − rΨ, −p − pΨ). Since we assume that the vector-like fields have the same gauge
quantum number under the PS symmetry, Wdec will have Yukawa interactions similar to
QHQc, depending on the charges. In order to preserve gauge coupling unification, we
introduce NΨ pairs of (Ψ, Ψ) and (Ψ
c, Ψ
c
).
In this paper, we consider that the VEV of P generated by the radiatively corrected
soft SUSY breaking mass term, m2P |P |2 [40] 6 The soft SUSY breaking mass squared will
be driven to negative values by renormalization group running due to the Yukawa coupling
in Eq. (8), so that the non-zero VEV of P is generated by dimensional transmutation [41].
We expect the following form of the scalar potential,
VP = m
2
P |P |2
(
log
|P |2
f 2PQ
− 1
)
. (9)
The minimum of this potential is at fPQ whose scale can be within the so-called axion
window, 109-1012 GeV, where the QCD axion can be the DM. After PQ breaking, ZR4
symmetry (and simultaneously R-parity) is completely broken if r = ±1, while R-parity
remains unbroken if r = 2. The ZN symmetry is broken at the PS scale, vPS, if s 6= 0,
while it is broken at the PQ breaking scale, fPQ, if s = 0. The same discussion can be
applied for the other PQ field P . In this paper, we assume that the VEVs of the PQ
fields are the same scale, i.e. 〈P 〉 ∼ 〈P 〉 ∼ fPQ.
In the non-minimal model, there should be µHH2 so that tanβ 6= ∞, although the
higgsino masses are explained by w0HH, see Appendix A for more details of the Higgs
6 We could also consider PQ breaking by the tree-level superpotential, X(PP − f2PQ). However, this
may cause a fine-tuning problem, i.e. fPQ ≪ vPS, since we have already introduced the term X v2PS for
PS breaking.
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sector with the extra bi-doublet H. This term can be explained by the Kim-Nilles mech-
anism [42] if there is a term
∆W ⊃ 1
Λ
(P, P )2H2, (10)
where (P, P )2 = {P 2, PP , P 2}. This term induces the effective µ-term for H2,
µH ∼
f 2PQ
Λ
∼ 100 GeV ×
(
fPQ
1010 GeV
)2(
1018 GeV
Λ
)
. (11)
The mass terms (b-terms) for the non-SM Higgs bosons are generated by the SUSY
breaking.
2.3 Anomaly cancellation
We denote coefficients of the mixed anomaly of ZR4 to SU(4)
2
C , SU(2)
2
L and SU(2)
2
R by
A4RC , A4RL and A4RR , respectively. Those of ZN are denoted by ANC , ANL and ANR . The
coefficients are given by [43–48],
A4RC ≡ 1 +NΣ − (r + r)NΨ, A4RL ≡ 1−NH − 2rNΨ, A4RR ≡ 1−NH − 2rNΨ, (12)
modulo 2 and
ANC = − 2s(1−NΣ)− hNg − (p+ p)NΨ,
ANL = h(1−NH)− 2(h+ s)Ng − 2pNΨ, (13)
ANR = h(1−NH) + 2sNg − 2pNΨ,
where Ng = 3 is the number of generations of SM fermions. Here, NH, NΣ are respectively
the number of H, Σ, while we take NH = NΣ = 1. In the minimal model, NH = NΣ = 0,
r = r and p = p.
The conditions for anomaly cancellation are given by
A4RC ≡ A4RL ≡ A4RR modulo 2, (14)
ANC ≡ ANL ≡ ANR modulo N. (15)
The anomaly is completely canceled if these are vanishing, while these can be canceled by
the Green-Schwartz mechanism [49] if these are non-vanishing but have a universal value.
In this paper, we will consider the minimal case NH = NΣ = 0 and the next-to-minimal
case NH = NΣ = 1.
2.4 The axion quality
There will be numerous higher dimensional operators which may explicitly break the PQ
symmetry. In general, the θ angle will be shifted at tree-level by a PQ breaking term in
the superpotential,
W
✟✟PQ ⊃
1
Λk+2l+m+n−3
wk0H2lPmP
n
, (16)
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where k, l,m, n are integers. Note, contributions from operators with H2 cannot be the
leading ones, since as long as ∆W ⊃ (P, P )2H2/Λ in Eq. (10) is allowed for the µ/b-term
and we have 〈H〉2 < w0f 2PQ/Λ, which is satisfied for the typical values of VEVs. The
powers satisfy
2k +mr + nr ≡ 2 modulo 4, (17)
2lh+mp + np ≡ 0 modulo N. (18)
This term will affect the θ angle via the F-term potential and the soft SUSY breaking
A-term. The leading PQ breaking in the F-term potential will be an interference term
between the PQ conserving and breaking terms in the superpotential. Consider that the
F-term VEVs will be
FP , FP . w
2
0, FH . vHw0, (19)
where FΦ is an F-term of a superfield Φ = P, P ,H. The F-term of the Higgs field will
depend on vH because H2 is a gauge singlet combination. We can show that
VF ⊃
∑
Φ=P,P ,H
FΦ
∂W
✟✟PQ
∂Φ
. w0W✟✟PQ, (20)
where the right-hand side corresponds to the A-term contribution. Hence, it is enough to
confirm that ∆θ from the A-term,
∆θ ∼ w
1+k
0 v
2l
Hf
m+n
PQ
Λ4QCDΛ
k+2l+m+n−3
(21)
∼ 1063−13k−32l−8(m+n) ×
( w0
105 GeV
)1+k ( fPQ
1010 GeV
)m+n(
1018 GeV
Λ
)k+2l+m+n−3
,
is sufficiently suppressed.
We set the Higgs VEV, vH = 100 GeV and the QCD scale in front of the axion
potential, ΛQCD = 100 MeV. For k = l = 0, m + n ≥ 10 is typically required for
∆θ < 10−10 to solve the strong CP problem. Clearly, ZR4 alone cannot suppress the self-
coupling of P up to this order, and an additional symmetry such as the ZN symmetry
is necessary. Note that the PS breaking VEV cannot be the leading PQ breaking effect,
since S
c
Sc is a unique gauge singlet combination whose VEV is non-zero, but this is
neutral under the discrete symmetries. Hence, 〈P 〉 ∼ 〈P 〉 ∼ fPQ will be the largest source
of PQ breaking.
There might also be radiative corrections to the potential induced by explicit PQ
breaking interactions. Let us consider a term in a superpotential,
W
✟✟PQ ⊃
wa0H2bP cP
d
(Sc, S
c
)e
Λa+2b+c+d+e−1
φ1φ2, (22)
where φ1 and φ2 can be any fields allowed by the discrete symmetries and they do not
need to have a non-zero VEV. Here, a, b, c, d, e are integers. The integers a, e = 0, 1 for
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the leading contributions. The PS breaking fields Sc or S
c
can appear in the leading
contribution from e.g. φ1 = H, φ2 = Q. There may be 1-loop corrections mediated by
φ1, φ2 to the θ angle given by
∆θ ∼ 1
16π2
w2+2a0 v
4b
H f
2c+2d
PQ v
2e
PS
Λ4QCDΛ
2a+4b+2c+2d+2e−2
(23)
∼ 1048−26a−64b−16(c+d)−4e
×
( w0
105 GeV
)2+2a( fPQ
1010 GeV
)2c+2d(
1016 GeV
vPS
)2e(
1018 GeV
Λ
)2a+4b+2c+2d+2e−2
.
For a = b = 0 and e = 1, c+d ≥ 4 may be required to keep the axion quality, ∆θ < 10−10.
Thus the radiative correction may not spoil the axion solution to the strong CP problem
if explicit PQ breaking terms are absent up to dimension-7 operators.
The PQ breaking in Ka¨hler potential can also affect the θ angle. The leading contri-
bution to the scalar potential will be given by
V
✟✟PQ ⊃ w20K✟✟PQ (24)
⊃ 1
Λk+2l+m+n−2
wk+20 H2lPm
(
P
†
)n
+
1
Λa+2b+c+d+e
wa+20 H2bP c
(
P
†
)d
(Sc(†), S
c(†)
)eφ
(†)
1 φ
(†)
2 .
In the minimal model, we will assume that ∆W ⊃ w0H2 is allowed for the µ/b-term, so
H† has the same charge as H and will not induce a new PQ breaking operator. In the
non-minimal model, operators involving (H†,H)2 cannot be the leading one for the same
reason as those involving H2 in the superpotential. Thus, the terms in Eq. (24) give the
leading PQ violating effect from the Ka¨hler potential. The shift in θ from the first term
is estimated as
∆θ ∼ w
k+2
0 v
2l
Hf
m+n
PQ
Λ4QCDΛ
k+2l+m+n−2
(25)
∼ 1050−13k−32l−8(m+n) ×
( w0
105 GeV
)2+k ( fPQ
1010 GeV
)m+n(
1018 GeV
Λ
)k+2l+m+n−2
.
For k = l = 0, m + n ≥ 8 will be required for the axion quality. The loop correction
mediated by φ
(†)
1 and φ
(†)
2 is estimated as
∆θ ∼ w
2a+4
0 v
4b
H f
2c+2d
PQ v
2e
PS
16π2Λ4QCDΛ
2a+4b+2c+2d+2e
(26)
∼ 1022−26a−64b−16(c+d)−4e
×
( w0
105 GeV
)2a+4( fPQ
1010 GeV
)2c+2d ( vPS
1016 GeV
)2e(1018 GeV
Λ
)2a+4b+2c+2d
.
For a = b = 0, c + d = 2 and e = 0 (1), the shift of θ is comparable to the experimental
bound, ∆θ ∼ 10−10 (10−14). It is much smaller for c+ d > 2.
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2.5 R-parity violation and proton stability
Stability of the proton and LSP are not ensured in this model, because the discrete
symmetries ZR4 ×ZN are broken by the PQ fields. If all the PQ fields have even R-charge,
R-parity remains unbroken. The LSP will be stable, but dimension-5 (or higher) baryon
and lepton number violating operators would destabilize the proton. Although these may
be highly suppressed as discussed in Refs. [27,28]. If P and/or P have odd R-charge, ZR4
symmetry is completely broken. Then R-parity might appear as an accidental symmetry,
if the RPV operators are highly suppressed.
The ZN symmetry is also completely broken by fPQ if the charge of P and/or P is
not a divisor of N . In this model, the dimension-4 RPV operators are induced from the
operators,
QHSc : (1, 0), QHSc : (1,−2h), QQcQSc : (3,−2h), QcQcQcSc : (3, 4s), (27)
after the PS breaking. Here, the values in the parentheses are charges under (ZR4 , ZN).
The first three operators violate lepton number, while the last one violates baryon number.
The superpotential is given by
WRPV = yLQHSc + yLQHSc + κLQQcQSc + κBQcQcQcSc, (28)
where the coupling constants depend on certain combinations of P , P , w0 and H2 to be
consistent with the discrete symmetry. The effective ∆L = 1 (∆B = 1) Yukawa coupling
λL (λB) induced by those operators are given by
λL ∼ max
(
yLvPS
w0
,
yLvPS
w0
, κLvPS
)
, λB ∼ κBvPS. (29)
Here, we assume that the Yukawa coupling of QHQc is O (1) and the higgsino mass is
O (w0). The bilinear ∆L = 1 Yukawa couplings are induced by rotating away the bi-linear
RPV terms by redefining Higgs and leptons. The proton decay constraints on the RPV
operators are
λLλB . 10
−27 ×
( mf˜
1 TeV
)2
, (30)
where mf˜ is a sfermion mass.
The LSP will become unstable if there are sizable RPV effects. If the lepton number
violation dominates RPV, the lifetime of a neutralino LSP via the three-body decay,
χ→ νℓℓ†, where ℓℓ† = e+e−, νν, is estimated as [50, 51],
τχ ∼ 1536π
3
g4νZN
2
χν
m4Z
m5χ
∼ 1 s×
(
0.1
gνZ
)4(
10−14
Nχν
)2(
104 GeV
mχ
)5
. (31)
Here, we consider the three-body decay through a Z-boson whose mass is set at 100
GeV 7. The decays through the EW boson dominate over those through sfermions, if the
7 The decay through a W-boson will have the same size.
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sfermions are heavier than O (10 TeV), see Eq. (33). gνZ is the coupling constant of the
neutrinos to a Z-boson. The mass of the neutralino LSP is denoted by mχ. Nχν is the
mixing angle of the LSP and the neutrino whose size is estimated as
Nχν ∼ NχH˜ ×max
(
yLvPS
w0
,
yLvPS
w0
,
κLvPS
16π2
)
, (32)
where NχH˜ is the fraction of higgsinos in the lightest neutralino χ. The last one comes
from mixing at the 1-loop level via the RPV Yukawa coupling. Here, the MSSM Yukawa
coupling is set to 1 for simplicity. The LSP decays before BBN, i.e. τχ . 1 s, if Nχν &
10−14. On the other hand, the lifetime is longer than O (1024 s) if Nχν . 10−26, such that
the neutralino LSP is the stable DM and its decay does not affect the cosmic microwave
background [29].
If the baryon number violation is the dominant one, then the higgsino-lepton mixing
is negligible. Hence, the neutralino decays through squarks and its lifetime is estimated
as
τχ ∼ 1536π
3
g2χq˜λ
2
B
m4q˜
m5χ
∼ 1 s×
(
0.1
gχq˜
)2(
10−9
λB
)2 ( mq˜
105 GeV
)4(104 GeV
mχ
)5
, (33)
where gχq˜ is a coupling constant for the quark-squark-LSP interaction and mq˜ is a squark
mass. The LSP decays before BBN if λB & 10
−9, while the LSP is a stable and invisible
DM particle if λB . 10
−21.
Proton decay may also be mediated by dimension-5 operators,
QQQQ : (0,−4h− 4s), QcQcQcQc : (0, 4s), (34)
in the superpotential and/or dimension-6 operator,
Q†Q†QcQc : (0, 2h+ 4s), (35)
in the Ka¨hler potential. The effective cut-off scale for the dimension-5 and -6 operators,
Λ5 and Λ6, should be larger than O (1027) and O (1015) GeV, respectively. These opera-
tors will be sufficiently suppressed by the discrete symmetries. Note, however, that the
dimension-5 and -6 operators, as well as the RPV operators, might also be generated after
integrating out vector-like triplets which are much lighter than the GUT scale. Clearly
we need to check that these are also suppressed.
Let us consider the vector-like triplets (T, T ), which are in (Ψ,Ψ), (Ψ
c
,Ψc) or (Σ,Σ),
with a superpotential,
W ⊃ mTTT + T
(
µTQ
T
1 + λTQ
T
2 + κTQ
T
3
)
+ T
(
µTQT1 + λTQT2 + κTQT3
)
, (36)
where QTk and Q
T
k are composed of {Q,Qc,Σ,Σ} for (T, T ) = (Ψq,Ψq), (Ψ
c
q,Ψ
c
q), and
{Q,Qc} for (T, T ) = (σ, σ). Here, integer k represents the mass dimension of QTk and Q
T
k .
Ψq (Ψq) and Ψ
c
q (Ψ
c
q) are color (anti-)triplets in Ψ (Ψ) and Ψ
c
(Ψc), respectively. The
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coupling constants depend on the non-zero VEVs of the fields. After integrating out the
vector-like triplets, we have
W ⊃ 1
mT
(
µTµTQ
T
1Q
T
1 + µTλTQT1Q
T
2 + λTµTQT2Q
T
1 (37)
+µTκTQT1Q
T
3 + λTλTQT2Q
T
2 + κTλTQT3Q
T
1
)
,
where we omit the higher-dimensional operators. The mass mixing effects of the first term
may be sufficiently suppressed as will be shown in explicit examples in Section 3. The
latter two terms in the first line may induce the RPV Yukawa couplings and the second
line may include the dimension-5 operators. Without discussing details, the proton will
be stable if
max
(
µTλT
mT
,
λTµT
mT
)
≪ 10−17 ×
(
10−10
λL
)
, (38)
max
(
µTκT
mT
,
λTλT
mT
,
κTµT
mT
)
≪ (1027 GeV)−1 . (39)
Since we will find µT/mT . 1 in our examples, max(λT , λT )≪ 10−17 and max(κT , κT )≪
10−27 GeV−1 are sufficient conditions for the proton stability.
In the Ka¨hler potential, the sizable dimension-6 operator could be induced by inte-
grating out the color triplets from
K ⊃ 1
Λ
(QcQc)†
(
ζΣΣ+
ζΨ
Λ
ScΨc
)
+
1
Λ
(
ζcΣΣ+
ζcΨ
Λ
S
c
Ψ
c
)†
QQ, (40)
where ζ
(c)
Φ , Φ = Σ,Ψ,Ψ
c are coupling constants implicitly depending on the non-zero
VEVs of gauge singlet combinations. The dimension-6 operators will be generated by in-
tegrating out scalar components in the vector-like fields, together with Yukawa couplings,
W ⊃ λQcΣQcQcΣQc + λQΣQQΣQ+ κQcQcScΨcQcQcScΨc + κQQScΨcQQS
c
Ψ
c
. (41)
Note that λQcΣQc (λQΣQ) is a part of λσ (λσ) in Eq. (36) and vPSκQcQcScΨc (vPSκQQScΨc)
is a part of λΨcq (λΨcq). The dimension-6 operators arise as∫
d4θK ⊃ 1
Λ
(QcQc)†
(
ζΣFσ +
ζΨ
Λ
vPSFΨcq
)
+
1
Λ
(
ζcΣFσ +
ζcΨ
Λ
vPSFΨcq
)†
QQ (42)
→
(
ζΣλQΣQ
mσΛ
+
ζΨv
2
PSκQQScΨc
mΨcΛ2
)
(ucec)† qq (43)
+
(
ζcΣλQcΣQc
mσΛ
+
ζcΨv
2
PSκQcQcScΨc
mΨcΛ2
)
(ucdc)† qℓ,
where Q,Qc are fermionic components of the superfields of the same symbols. Here, FΦ,
Φ = σ, σ,Ψcq,Ψ
c
q, are the F-terms of color (anti-)triplets in the vector-like fields. The scalar
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Table 3: The charges under the discrete symmetries and the accidental U(1)PQ in the
minimal model.
H Q Qc X Sc Sc Σ Ψ Ψ Ψc Ψc P
Z4R 0 1 1 2 0 0 2 0 1 1 0 1
Z5 0 0 0 0 0 0 0 4 0 0 4 1
U(1)PQ 0 0 0 0 0 0 0 −1 0 0 −1 1
fields in the vector-like fields are integrated out in the second equality. For example, the
F-term of σ in Σ is given by
Fσ ∼ −mσσ∗ ∼ λQ
cΣQcu
cdc
mσ
. (44)
Thus, the sufficient condition is max(λQcΣQc , λQΣQ) ≪ 10−7 for mσ = 105 GeV and
max(vPSκQcQcScΨc , vPSκQQScΨc) ≪ 1 for mΨ = 1010 GeV, since ζ (c)Σ,Ψ < O (1). These are
much weaker constraints than those from the superpotential. Operators more suppressed
by Λ will always be sufficiently small because the effective cut-off scale will be larger than
Λ as far as µT < 1 GeV, λT < 1 and κT < 1 GeV
−1, which are clearly satisfied in our
examples.
These sufficient conditions in the superpotential and Ka¨hler potential are satisfied in
our examples shown in the next section, so we will not discuss any more details of proton
decay in this paper.
3 Model examples
3.1 Minimal model: high-quality LSP
Let us first consider the minimal model with NH = NΣ = NP = 0, NΨ = 1 and s = 0.
The anomaly cancellation for ZN implies,
−3h ≡ −5h ≡ h modulo N. (45)
The solution is h = 0 if N is odd, and is h ≡ 0 modulo N/2 if N is even. Under this
condition, H2 is neutral under the discrete symmetries. The mass term itself is forbidden
by the ZR4 symmetry, but the µ-term will be generated after SUSY breaking byW ⊃ w0H2.
In addition, the b-term will be generated from this term after SUSY breaking. Therefore,
the condition (3) is satisfied whenever the condition (1) is satisfied.
For concreteness, we shall choose the charges
N = 5, r = p = rΨ = 1, h = pΨ = 0. (46)
The charges of the fields are listed in Table 3. With this charge assignment, Ψ (Ψc)
have the same charge as Q (Qc), so that these are like a fourth generation of the MSSM
(s)fermions, but with vector-like masses ofO (fPQ), see Eq. (8). It is clear that the Yukawa
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coupling QHQc will induce the decays of the vector-like particles, and thus this model
satisfies the condition (4). Gauge coupling unification is preserved and condition (5) is
satisfied, since all the triplets in Sc, S
c
and Σ have masses of O (vPS). There is a fourth
family of vector-like fields with mass of O (fPQ) and the MSSM particles have mass less
than the SUSY breaking scale.
We can find an accidental anomalous U(1)PQ symmetry whose charges are shown in
the last row of Table 3. The MSSM particles cannot carry U(1)PQ charge to be consistent
with the PS superpotential,
WPS ⊃ 1
Λ
(S
c
Qc)2 +QHQc + w0H2. (47)
Hence, only the vector-like quarks carry the U(1)PQ charge, so the model has the KSVZ
axion. The PQ breaking superpotential is given by
W
✟✟PQ =
P 10
Λ7
+
P 5
Λ4
QcS
c
+
P 5
Λ5
HQSc + · · · . (48)
These terms induce the shift in the θ angle by ∼ 10−17, 10−32 and 10−36, respectively, and
thus the PQ symmetry is so high quality that it solves the strong CP problem. All the
operators which can contribute to ∆θ are listed in Table 6 of Appendix B. In this model,
the axion domain-wall number is NDW = 4 and is not unity. However, the domain-wall is
unstable due to the explicit PQ breaking effects, thus it would not cause a cosmological
problem [52] 8.
The standard R-parity violations are extremely suppressed due to the discrete symme-
try. In the minimal model, the lowest order for which P can couple to the RPV operators
is P 5, because none of the operators in Eqs. (27) have Z5 charge. In fact, the bilinear
RPV term is of order ∼ 10−24 GeV and the lepton number violating Yukawa couplings
are of order ∼ 10−55 in this model, and thus λL ∼ 10−29 for w0 ∼ 105 GeV. The coeffi-
cient of dimension-4 baryon number violating operator is of order 10−55. This is clearly
sufficiently small to make the lifetime of the neutralino LSP longer than the age of uni-
verse, see Eq. (32). For the same reason, the proton lifetime is extremely long. Therefore,
R-parity exists very precisely in this model. The full list of operators and their typical
values relevant to the proton decays are shown in Table 7 of Appendix B. This conclusion
will not be changed since the MSSM fields do not carry ZN charges as is required by the
anomaly cancellation in the minimal model.
The stable LSP may or may not be a problem. The LSP is known to be an attractive
candidate for the DM if the neutralino masses are in the suitable range, e.g. higgsino
∼ 1 TeV and the conventional thermal freeze-out scenario is working [54, 55]. However,
the LSP tends to overclose the universe in high-scale SUSY scenarios. In particular, the
non-thermal production from the gravitino and/or moduli often overproduce the LSP [30,
32,56]. This overproduction problem could be solved if the LSP is much lighter than the
TeV scale. An axino with a mass . O (keV), is a candidate for such a particle [57–59] if
it is sufficiently stable.
8 It would also be solved by the dynamics of multiple scalar fields [53].
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We shall discuss a case of O (keV) axino LSP. The axino mixes with neutrinos by the
RPV effects. Defining the axion superfield A via
P = fPQe
A/fPQ , A =
1√
2
(s+ ia) +
√
2θa˜ + θ2FA, (49)
where s, a and a˜ are saxion, axion and axino, respectively. FA is the F-term of the
superfield A. Integrating out the right-handed neutrinos, we find
W ⊃ 1
MR
(
ℓHu +
vPSP
5
Λ4
)2
⊃ f
4
PQ
vPSΛ3
(
fPQH
0
uν + vHAν +
vH
fPQ
AAν
)
, (50)
where O (1) coefficients are omitted and MR is replaced by using Eq. (5). The first two
terms induce the RPV higgsino-neutrino and axino-neutrino mixing, respectively. These
could affect the neutrino mass by
δmν ∼
(
vHf
4
PQ
vPSΛ3
)2
max
(
f 2PQ
w0
,
v2H
ma˜
)
(51)
∼ 10−32 eV ×
(
1016 GeV
vPS
)2(
fPQ
1010 GeV
)8(
1018 GeV
Λ
)6(max (f 2PQ/w0, v2H/ma˜)
1015 GeV
)
,
where ma˜ is the axino mass and higgsino mass is assumed to be O (w0). Thus the mixing
will not affect neutrino masses.
The axino will dominantly decay by a˜ → νa or a˜ → νℓℓ†, where ℓℓ† = e+e−, νν, as
discussed in Refs. [60–63]. The decay to electrons are allowed when ma˜ > 2me. The
first decay mode is induced by the last term in Eq. (50) and the lifetime via this mode is
estimated as,
τa˜→νa ∼ 16π
ma˜
Λ6v2PS
v2Hf
6
PQ
(52)
∼ 1052 years×
(
1 keV
ma˜
)(
Λ
1018 GeV
)6 ( vPS
1016 GeV
)2(1010 GeV
fPQ
)6
.
The second decay mode is similar to the neutralino decay and can be estimated from
Eq. (31) with formally replacing χ→ a˜,
τa˜→νℓℓ ∼ 1536π
3
g4νZ
Λ6v2PSv
2
H
f 8PQm
3
a˜
(53)
∼ 1059 years×
(
0.1
gνZ
)4(
1 keV
ma˜
)3(
Λ
1018 GeV
)6 ( vPS
1016 GeV
)2(1010 GeV
fPQ
)8
.
Here, the neutrino-axino mixing comes from the second term in Eq. (50). These are both
much longer the age of universe, and thus the axino will be a DM particle if its mass is
of O (keV) and it is the LSP.
Another way to resolve the overproduction problem is that the LSP is unstable due to
sizable RPV and it does not contribute to the DM. We will show an example with sizable
RPV in the next section.
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Table 4: The charges consistent with the sizable RPV and b-term. PQΦ is the PQ charge
of a field Φ normalized such that the minimal charge of P and P is unity. The PQ charge
of Qc is zero for the Majorana neutrino mass and that of H is opposite to H.
RPV b-term r r p p PQP PQP PQH PQQ NDW
I PQ2QcSc P
2H2 3 1 2h −h −2 1 −1 1 2|Ng +NΨ|
II PQ2QcSc PPH2 3 3 2h −4h 1 −2 1/2 −1/2 |2NΨ −Ng|
III PQ2QcSc P 2H2 1 3 −h 2h 1 −2 −1 1 2 |Ng +NΨ|
IV PQ2QcSc PPH2 3 3 −4h 2h −2 1 1/2 −1/2 |2NΨ −Ng|
3.2 RPV model: low-quality LSP
Let us consider the model with the two PQ fields P , P and NH = NΣ = 1. The new fields
H and Σ are mandatory for h 6= 0, because there is no such solution for the anomaly
condition in the model only with P . The anomaly cancellation conditions are given by
r + r ≡ 0 modulo 2, (54)
−3h− p− p ≡ − 6(h+ s)− 2p ≡ 6s− 2p modulo N, (55)
for ZR4 , ZN , respectively.
In this section, we shall show an example which violates R-parity such that the LSP
is unstable and decays before BBN. Let us first consider the RPV effects caused by the
RPV Yukawa couplings. Note that the RPV by QHSc can not be sizable because it does
not have ZN charge, see Eq. (27) and Table 1
9. The sufficiently large RPV operators are
induced if either of the following operators are allowed:
PQScQQc : (3 + r,−2h+ p), PQcQcQcSc : (3 + r, 4s+ p), (56)
These operators are allowed by ZR4 if r = 3. The first one is allowed if p = 2h and the
second one is allowed if p = −4s. However, p = −4s is not phenomenologically viable
since there also exists an operator PScΣQc which induces too large a mass for the down
quark dc of O (vPSfPQ/Λ). The same conclusion holds for P , and thus the sizable RPV is
realized when P or P has charge (3, 2h). Since the operator w0QHSc has charge (3,−2h),
w0PQHSc (w0PQHSc) is accompanied with PQScQQc (PQScQQc).
In the non-minimal model, the higgsino masses are always generated by W ⊃ w0HH.
However, the SUSY breaking b-term, V ⊃ bhHuHd, is missing. For the b-term, (P, P )2H2
should exist in the superpotential. We need two PQ fields for the sizable RPV and b-term,
since P 2H2 is forbidden if P has charge (3, 2h).
Table 4 shows four cases which realize both sizable RPV interaction and b-term. The
PQ field P induces the RPV in cases (I) and (II), while P does in cases (III) and (IV).
The b-term is realized by P
2H2 in the case (I), P 2H2 in the case (III) and PPH2 in the
cases (II) and (IV). The PQ charges are determined to be consistent with interactions in
9 Another bi-linear RPV becomes moderately large if (P, P )3QHSc or w0(P, P )QHSc is allowed. We
do not find any advantage in the first case as discussed in later. The condition to have the latter is the
same as that to have the RPV Yukawa couplings.
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Table 5: The charges under the discrete symmetries ZR4 ×Z15 and an accidental U(1)PQ
symmetry in our example.
H Q Qc X Sc Sc Σ Σ H Ψ Ψ Ψc Ψc P P
Z4R 0 1 1 2 0 0 2 2 0 2 1 1 2 3 3
Z15 1 11 3 0 3 12 9 6 14 6 13 3 10 11 2
U(1)PQ 1/2 −1/2 0 0 0 0 0 0 −1/2 3/2 1/2 0 −1 −2 1
WPS, WPQ and the operators for the sizable RPV and b-term. The axion domain wall
number, NDW is listed in the last row. For Ng = 3 and NΨ = 1, NDW = 8 in the cases (I)
and (III), while NDW = 1 in the cases (II) and (IV). Thus there is no domain-wall in the
latter cases.
The ZN charge should be chosen such that all the unwanted operators are forbidden by
ZN and satisfy the anomaly cancellation condition Eq. (55). Also 2h+4s 6≡ 0 is required
so that p = 2h 6= −4s, as discussed earlier. In addition, for proton stability, if 2h+4s ≡ 0
then both PQcQcQcSc, which induces baryon number violation, and PQ2QcSc which is
lepton number violating are allowed. There are various explicit PQ breaking operators
discussed in Section 2.4. In our model search, we set reference values of the scales at
Λ = 1018 GeV, vPS = 10
16 GeV, fPQ = 10
10 GeV, w0 = 10
5 GeV, vH = 10
2 GeV.
(57)
With these values, we require that the PQ breaking at the tree-level, Eqs. (21) and (25),
are forbidden such that ∆θ ≤ 10−10. We also require that the quartic PQ breaking
combinations of (P, P )2(H,H)2 and (P, P )2(Σ,Σ)2 are forbidden to suppress PQ breaking
via the 1-loop effects, see Eq. (23). For gauge coupling unification, 4s 6≡ 0 modulo N is
required to keep the triplets in the sextets massless at O (vPS). Although these are still
necessary conditions for the fully viable model, we can find solutions of these conditions
only for N = 13 in the case (II) or N = 15 in all the four cases when N ≤ 16 and
NΨ = 1
10.
We shall study a solution, (h, s) = (1, 3), with N = 15 in the case (IV) 11. The
charges of the fields are shown in Table 5. A complete list of the possibly dangerous
operators and their sizes are shown in Appendix B. We discuss operators important for
phenomenology in the main text. The charges of vector-like fields are chosen such that
the Yukawa interactions,
Wdecay = ΨHQc +QHΨc, (58)
are allowed by the symmetry so that the vector-like fields decay quickly. The model
with Wdecay ⊃ ΨHQc instead of ΨHQc also allows an exotic mass term ΨHSc : (2, 0)
10 We can find solutions for NΨ = 2 when N = 11, 15, N = 13, 15, N = 15 and N = 13, 15 in the case
(I), (II), (III) and (IV), respectively. We did the same search for the RPV via (P, P )3QHSc in a case of
NΨ = 1, but we find setups consistent with these conditions only for N ≥ 14. We will not study these
cases.
11 For N = 13 in the case (II), K
✟✟PQ
⊃ PP †Σ2 is always allowed in the Ka¨hler potential after imposing
the anomaly condition. This induces ∆θ ∼ 10−10 which is marginal for the quality problem.
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which gives too large a mass term for HuΨℓ, where Ψℓ is the leptonic component of the
vector-like field Ψ. The vector-like triplets from the sextets will decay via W ⊃ w0QcΣQc
which is allowed by the symmetry independent of the charges (h, s). The lifetime of the
anti-triplet σ by this interaction is estimated as
τσ ∼ 16πΛ
2
w30
∼ 0.01 s×
(
Λ
1018 GeV
)2(
105 GeV
w0
)3
, (59)
where the vector-like triplet mass is set at w0. The triplet σ mixes with σ by the mass
term of O (w0). Thus the triplets will decay before BBN if the SUSY scale is as high as
100 TeV, and condition (4) is satisfied.
There are four Higgs doublets at the SUSY breaking scale whose mass terms are
given by W ⊃ f 2PQH2/Λ + w0HH. The b-term, Vh ⊃ bhHuHd, will be generated after
SUSY breaking from the first term. Therefore, both µ- and b-problems are solved in this
model and the condition (3) is satisfied. Note that we invoke a fine-tuning of O (w20/v2H) ∼
O (106) as usual in high-scale SUSY breaking scenarios. More details of the Higgs potential
with H is discussed in Appendix A.
The accidental U(1)PQ charges are shown in the last row of Table 5. Since the mixed
anomaly with SU(3)C is non-vanishing, the strong CP problem is solved if the U(1)PQ
symmetry is a sufficiently precise symmetry. The explicit PQ breaking superpotential is
given by
W
✟✟PQ =
w0
Λ4
H2P 4 + w0
Λ10
P 9P
3
+ · · · . (60)
The full list of PQ breaking operators in the superpotential and Ka¨hler potential are
shown in Table 8 of Appendix B. We see that the first term in Eq. (60) and K
✟✟PQ ⊃ H2P 4
give ∆θ ∼ 10−14 which are sufficiently small. Therefore, the PQ symmetry is high quality
and the condition (2) is satisfied.
The leading RPV operators and linear terms in the vector-like fields are given by
∆W ⊃ P
Λ2
QQScQc +
w0P
Λ2
QHSc + PP
2
Λ2
(
S
c
Qc +
1
Λ
QHSc + 1
Λ
ΨHSc
)
(61)
+
w0
Λ
(
QcΣQc +QΣΨ
)
+ · · · ,
where Qc includes Ψc as the fourth family. The operators in the first line induce RPV
effects without baryon number violation. The first two terms and the first term in the
parenthesis are the dominant source for the lepton number violation, and the others are
sub-dominant. The first term in the parenthesis induces the bi-linear RPV operator Huℓ
after integrating out the right-handed neutrino νc. Its mass parameter is O (f 3PQ/vPSΛ),
while that for QH from the second term is O (w0fPQvPS/Λ2). The bi-linear RPV from the
second term in the parenthesis is smaller than these contributions. The last term would
induce the bi-linear RPV by the mixing of Q and Ψ, but it is extremely small, unlike the
mixing of Qc and Ψc, because the mass parameter for QΨ is O (10−22 GeV). Note that
all of these terms conserve the PQ symmetry, so that these interactions do not explicitly
depend on the axion superfield. The operators relevant to masses, RPV and proton decay
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are listed in Table 9. We see that the other mass terms are at most O (10−13 GeV) and
are negligible. Therefore, the MSSM particles, H and (σ, σ) are lighter than the SUSY
breaking scale O (w0), while all the vector-like fields, Ψ, Ψ, have O (fPQ) masses. The
gauge coupling unification holds as discussed in the previous section and the condition
(5) is satisfied.
Except for the operator QcΨ
c
, the mass terms which contribute to µT and µT in
Eq. (36) are smaller than 10−21 GeV, see Table 9. These are too small to affect the proton
stability. The mixing via QcΨ
c
is sizable, but this can be rotated away by redefining Qc
and Ψc without introducing new effects because Ψc has the same charges as Qc. As is
explicitly shown in Table 9, the coupling constants for the operators linear in the vector-
like fields, defined in Eq. (36), are λT . 10
−18 and κT . 10
−31 GeV−1, except for those
in Eq. (61). Hence, only the operators in Eq. (61) could induce fast proton decay. The
vector-like pair, (Ψ,Ψ), is integrated out at O (fPQ) before integrating out (σ, σ) whose
mass is O (w0). Since Ψ and Ψc are absent in Eq. (61), there will be no sizable baryon
number violation in the superpotential. In addition, there cannot be a sizable dimension-
6 operator in the Ka¨hler potential, since the Yukawa coupling involving the vector-like
triplets is at most O (10−13) from the first term in the second line of Eq. (61). Thus,
R-parity is broken by the lepton number violating operator, while baryon number is still
a precise symmetry such that the proton is stable.
If the neutralino is the LSP, the lifetime of the LSP is as short as 10−10 s, see Eqs. (31)
and (32), due to the higgsino-neutrino mixing by the second term in Eq. (61). Thus the
neutralino LSP is unstable and will decay before BBN.
The axino LSP may be sufficiently long-lived even with RPV. The axion superfield A
is defined as
P ∼ fPQe−2A/fPQ , P ∼ fPQeA/fPQ . (62)
In the RPV model, the axino will mix with higgsinos in the Ka¨hler potential [62],
K ⊃ e(A+A†)/2fPQH†H + e−(A+A†)/2fPQH†H ⊃ vH
fPQ
(
H†dA +H
†
uA
)
, (63)
where ±1/2 in the exponents are the PQ charges of the Higgs bi-doublets. Note that
this mixing with the MSSM fields is absent in the minimal model, since those are neutral
under the PQ symmetry. Together with the bilinear RPV term, the axino-neutrino mixing
arises, so that the axino will decay via a˜→ νℓℓ†. The lifetime is estimated as
τa˜ ∼ 1536π
3
g4νZ
v2Hv
2
PSΛ
2
f 4PQm
3
a˜
min
(
1,
f 4PQΛ
2
w20v
4
PS
)
(64)
∼ 1027 years×
(
0.1
gνZ
)4(
1 keV
ma˜
)3(
Λ
1018 GeV
)2 ( vPS
1016 GeV
)2(1010 GeV
fPQ
)4
,
where the value of min, which depends on whether the second or third term in Eq. (61)
dominates the axino-neutrino mixing, is taken to be 1 in the second line. The axino-
neutrino mixing induced by the PQ breaking interactions, Eq. (60), are much more sup-
pressed than that induced by the RPV, but PQ conserving effects. In particular, the
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axion-axino-neutrino Yukawa coupling induced by the PQ breaking interactions is highly
suppressed. Therefore, the axino lifetime, assuming a mass of order 1 keV, will be much
longer than the age of the universe, although it is much shorter than that in the minimal
model.
Altogether, this model has the high-quality axion and the proton is stable, and thus
satisfies all of the conditions (1)-(5). If the neutralino is the LSP, the overproduction
problem is solved because it decays before BBN. The axion would be the dominant source
for the DM. If the axino is the LSP, the overproduction problem is solved by sufficiently
light axino mass as in the minimal model. The axino will be a metastable DM particle in
addition to the axion DM.
4 Discussions
In this paper, we proposed supersymmetric Pati-Salam models with the anomaly-free
discrete symmetry ZR4 × ZN . The anomalous U(1)PQ symmetry, as well as, R-parity
arise as accidental symmetries if any of the PQ fields P and P have odd R-charge. We
discussed two special models. In the minimal model, without H, Σ, P , the anomaly
conditions require that the MSSM particles do not carry ZN charges, so that the R-parity
is respected very accurately and the LSP is sufficiently stable to be the DM. In the non-
minimal cases, we found an example which violates R-parity such that the neutralino
LSP will decay before BBN, while the accidental U(1)PQ symmetry is so accurate that
the strong CP problem is solved. An interesting feature of the RPV case is that the exotic
vector-like triplets (σ, σ) and bi-doublet H are predicted to have SUSY breaking scale
masses. Since the vector-like triplets may decay through the Yukawa couplings which are
also induced by the SUSY breaking effects, the SUSY breaking scale is predicted to be
larger than O (100 TeV).
With the discrete symmetries, there are self-couplings of the PQ field P at very high-
order. It was recently proposed that the baryon asymmetry can be produced through the
motion of a PQ field when kicked by an A-term of the self-coupling P n, so-called, lepto-
axiogenesis [64,65]. Our models may provide concrete examples which can accommodate
the lepto-axiogenesis scenario. In particular, the RPV example will make it easier to
explain the relic density of the DM. A more detailed analysis of lepto-axiogenesis and the
phenomenological discussions about the DM and leptogenesis will be the subject of future
work.
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A Higgs sector in the non-minimal model
.
We shall study the Higgs potential with the additional bi-doublet H. We write the
bi-doublets by
H =
(
H1
H2
)
, H =
(
H3
H4
)
, (65)
where Hi, i = 1, 2, 3, 4, are SU(2)L doublets. The superpotential is given by
WPS =
1
2
µH2 + w0HH →WH = µklHkHl, (66)
where k = 1, 3 and l = 2, 4. In this section, repeated indices are summed over. With the
PS symmetry, µ12 = µ, µ14 = −µ32 = w0 and µ34 = 0, but this relation will not hold after
the PS breaking. The SU(2)L doublets are contracted by iσ2. We shall study the Higgs
potential in the non-minimal model given by
VH = Vsoft + VF + VD, (67)
with
Vsoft =
4∑
i=1
m2Hi |Hi|2 + (bklHkHl + h.c.) , VF =
∑
k=1,3
|µklHl|2 +
∑
l=2,4
|µklHk|2 (68)
VD =
g21
8
(|H1|2 − |H2|2 + |H3|2 − |H4|2)2 + g22
2
(
4∑
i=1
H∗i T
a
LHi
)2
, (69)
where T aL, a = 1, 2, 3, is generators of SU(2)L. We first diagonalize the mass terms by
redefining the Higgs fields,(
H1
H3
)
=: Ru
(
Hu
Hd
)
,
(
H2
H4
)
=: Rd
(
Hd
Hu
)
, (70)
where the rotation matrices Ru, Rd diagonalize the Higgs mass squared matrices,
R†u
(
m2H1 + µ
∗
1lµ1l µ
∗
1lµ3l
µ∗3lµ1l m
2
H3
+ µ∗3lµ3l
)
Ru =: diag
(
m2Hu , m
2
Hd
)
, (71)
R†d
(
m2H2 + µ
∗
k2µk2 µ
∗
k2µk4
µ∗k4µk2 m
2
H4
+ µ∗k4µk4
)
Rd =: diag
(
m2Hd , m
2
Hu
)
,
where k = 1, 3 and l = 2, 4 are summed over. The D-term potential is invariant under
this redefinition, so that it is formally replaced by (H1, H2, H3, H4) → (Hu, Hd, Hd, Hu).
The b-terms are rotated as(
H1 H3
)(b12 b14
b32 b34
)(
H2
H4
)
=
(
Hu Hd
)(bh bu
bd bh
)(
Hd
Hu
)
, (72)
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where (
bh bu
bd bh
)
:= RTu
(
b12 b14
b32 b34
)
Rd. (73)
The Higgs potential after the rotation is
VH = m
2
Hu |Hu|2 +m2Hd |Hd|2 +m2Hd
∣∣Hd∣∣2 +m2Hu ∣∣Hu∣∣2 (74)
+
(
bhHuHd + buHuHu + bdHdHd + bhHdHu + h.c.
)
+ VD.
The first derivatives of the neutral Higgs potential are given by
∂VH
∂H0∗u
= m2HuH
0
u + λHΩH
0
u − bhH0∗d − buH
0∗
u , (75)
∂VH
∂H0∗d
= m2HdH
0
d − λHΩH0d − bhH0∗u − bdH
0∗
d , (76)
∂VH
∂H
0∗
d
= m2HdH
0
d + λHΩH
0
d − bhH
0∗
u − bdH0∗d , (77)
∂VH
∂H
0∗
u
= m2HuH
0
u − λHΩH
0
u − bhH
0∗
d − buH0∗u , (78)
where
λH :=
g21 + g
2
2
4
, Ω :=
∣∣H0u∣∣2 − ∣∣H0d ∣∣2 + ∣∣∣H0d∣∣∣2 − ∣∣∣H0u∣∣∣2 . (79)
The Higgs fields with superscript 0 are the neutral component of the Higgs doublets.
We define the VEVs and Higgs scalars in the doublets as
Hu =
(
0
vu
)
+
1√
2
( √
2H+u
hu + iau
)
, Hd =
(
vd
0
)
+
1√
2
(
hd + iad√
2H−d
)
, (80)
Hd =
(
0
vd
)
+
1√
2
( √
2H
+
d
hd + iad
)
, Hu =
(
vu
0
)
+
1√
2
(
hu + iau√
2H
−
u
)
.
Elements of the CP-even mass matrix are given by[M2S]huhu = 2λHv2u + (bhvd + buvu) /vu, [M2S]huhd = − 2λHvuvd − bh, (81)[M2S]huhd = 2λHvuvd, [M2S]huhu = − 2λHvuvu − bu,[M2S]hdhd = 2λHv2d + (bhvu + bdvd) /vd, [M2S]hdhd = − 2λHvdvd − bd,[M2S]hdhu = 2λHvdvu, [M2S]hdhd = 2λHv2d + (bdvd + bhvu)/vd,[M2S]hdhu = − 2λvuvd − bh, [M2S]huhu = 2λhv2u + (buvu + buvd) /vu,
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and those of the CP-odd mass matrix are given by[M2P ]auau = (bhvd + buvu) /vu, [M2P ]auad = bh, [M2P ]auad = 0, [M2P ]auau = bu,[M2P ]adad = (bhvu + bdvd) /vd, [M2P ]adad = bd, [M2P ]adau = 0, (82)[M2P ]adad = (bdvd + bhvu) /vd, [M2P ]adau = bh,[M2P ]auau = (buvu + bhvd) /vu.
Here, the soft masses are replaced by using the minimization conditions.
Let us consider the realistic EW vacuum, vu, vd ≫ vu, vd. We define
vu := vhsβ, vd := vhcβ, vd := vhcβ, vu := vhsβ, tβ :=
sβ
cβ
, tβ :=
sβ
cβ
. (83)
Assuming m2Hd , m
2
Hu ≫ v2h, v2h, the minimization conditions for Hd, Hu become
vh
vh
∼ bdcβcβ − busβsβ
m2Hdc
2
β −m2Hus2β
, tβ ∼
bdbh + bum
2
Hd
tβ
bdm
2
Hu + bubhtβ
. (84)
Thus, m2Hu , m
2
Hd
≫ bu, bd is required to be vh ≪ vh. Neglecting O (v2h), the minimization
conditions for Hu, Hd are given by
m2Hu − λHv2hc2β − bh/tβ = bu
vhsβ
vhsβ
, (85)
m2Hd + λHv
2
hc2β − bhtβ = bd
vhcβ
vhcβ
. (86)
The Higgs VEV vh and vacuum angle β obey
λHv
2
h =
m˜2Hd − m˜2Hut2β
t2β − 1
, s2β =
2bh
m˜2Hu + m˜
2
Hd
, (87)
where
m˜2Hu := m
2
Hu − bu
vhsβ
vhsβ
, m˜2Hd := m
2
Hd
− bd vhcβ
vhcβ
. (88)
Note that m2Hu , m
2
Hd
contain the SUSY contributions from the µ-parameters. The SUSY
breaking parameters should be fine-tuned to realize λHv
2
h ∼ m2Z = 91.2 GeV. In the RPV
model, µ ∼ 100 GeV and w0 ∼ 105 GeV, so the mixing in Ru, Rd are suppressed by
∼ w0µ/m2H3,4 . Hence, the mass parameters m2Hu , m2Hd which directly relate to the EW
scale, are approximately given by m2H1,2 + |w0|2 + |µ|2 even if m2H3,4 ≫ bu,d for vh/vh ≪ 1.
Therefore, the degree of fine-tuning for the EW symmetry breaking is about O (w20/m2Z) ∼
O (106). We also remark that the relation m2H1,2 ≪ m2H3,4 would be naturally realized as a
result of renormalization group running because only H has the sizable Yukawa couplings
with the MSSM quarks.
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Before closing, let us estimate the heavy Higgs boson mass spectrum. Neglecting
O (v2h, bu,dvh/vh), the CP-even and CP-odd mass matrices are given by
M2S ∼M2P ∼


bh/tβ bh 0 bu
bh bhtβ bd 0
0 bd bdvd/vd bh
bu 0 bh buvu/vu

 . (89)
Since M2P = M2S + O (v2h) is rank-3, one eigenvalue is zero. The zero eigenstate in the
CP-even Higgs boson corresponds to the SM Higgs boson whose mass comes from the
O (v2h) correction, and that in the CP-odd Higgs boson corresponds to the NG boson
absorbed by a Z-boson. The other three states have masses of bh, bdvd/vd ∼ m2Hd and
buvu/vu ∼ m2Hu .
B Details of the example models
In this appendix, we shall show possible operators which can induce the shift in the θ
angle, masses and proton decay. Their sizes are calculated with
Λ = 1018 GeV, vPS = 10
16 GeV, fPQ = 10
10 GeV, w0 = 10
5 GeV, vH = 10
2 GeV,
as reference values.
Table 6 lists the PQ breaking operators and their effects to ∆θ in the minimal model.
The tree-level PQ breaking effects are shown in the columns of O = 1. The others
are operators which can affect to the θ angle through the 1-loop effects. We list all
the possible quadratic operators in the superpotential and Ka¨hler potential. The cubic
operators linearly depending on Sc or S
c
become quadratic ones after the PS breaking.
For example, we see
W
✟✟PQ ⊃
P 5
Λ5
×HQSc ∼ f
5
PQ
Λ5
vPSℓHu (90)
induces ∆θ ∼ 10−36 at 1-loop level. The operators which affects ∆θ > 10−20 are high-
lighted. In the minimal model, only the tree-level PQ breaking in the superpotential
induces ∆θ > 10−20.
Tables 7 shows the operators relevant to the masses (left) and proton decays (right)
in the minimal model. Similarly to the PQ breaking at 1-loop level, we show all the
quadratic operators and cubic operators which linearly depend on the PS breaking fields.
The columns are highlighted if the mass term is larger than 10−9 GeV. The right table
shows operators relevant to RPV and proton decay. The bilinear RPV operators are
included in the left table for mass terms. We studied the dimension-4 RPV, dimension-
5 proton decay operators and those which depend on the vector-like fields linearly. A
column for an operator O is highlighted if an effective coupling λO > 10−17 for dimension-
4 operator or κO > 10
−27 GeV−1 for dimension-5 operator. If all the operators are not
highlighted, which is true in the minimal model, the model satisfy the sufficient conditions
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to ensure the proton stability as discussed in Section 2.5. Note that the coupling constants
include the VEVs of the PS breaking fields.
Tables 8 and 9 show the same as Tables 6 and 7 in the RPV model. In this analysis, we
do not consider the non-zero VEV of H2 because it has the same charge as w0PP whose
VEV is more than 3 orders of magnitude larger than that of 〈H2〉 ≪ v2h. We see that the
shift of the θ angle is larger than 10−20 only for the tree-level PQ breaking effects. The
exotic mass terms, masses not included in WPS,WPQ nor RPV superpotential in Eq. (61),
are less than 10−13 GeV which are negligible. The cubic and quartic operators for RPV
and proton decay are suppressed as λO . 10
−18, κO < 10
−31 GeV−1 except the couplings
in Eq. (61). Most of the operators satisfy the sufficient conditions for proton stability as
discussed in Section 2.5 and the other operators shown in Eq. (61) will not induce too fast
proton decay as discussed in Section 3.2. Therefore the proton will not be destabilized by
these couplings.
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Table 6: Sizes of ∆θ in the minimal model. The operators which induce ∆θ > 10−20 are
highlighted.
operator O ∈ W
✟✟PQ
coupling log10∆θ
1 P 10 −17
H2 P 10 −112
QcS
c
P 5 −32
QcΨ
c
P 11w0 −154
S
c
Sc P 10 −112
S
c
Ψc P 5 −32
ScΨ
c
P 6 −48
X2 P 10 −112
Σ2 P 10 −112
QΨ P 11w0 −154
ΨΨ P 11w0 −154
ΨcΨ
c
P 11w0 −154
HQSc P 5 −36
HScΨ P 5 −36
QcScΣ P 5w0 −62
ScΣΨc P 5w0 −62
HScΨ P 6 −52
S
c
ΣΨ
c
P 6w0 −78
operator O ∈ K
✟✟PQ
coupling log10∆θ
1 P 10w0 −43
H2 P 10w0 −164
QcQc† P 10w0 −164
QcS
c
P 5w0 −84
QcΨ
c
P 11 −154
QcΨc† P 10w0 −164
Qc†Sc P 5 −58
Qc†Ψc P 10w0 −164
Qc†Ψ
c†
P 9 −122
QQ† P 10w0 −164
QΨ P 11 −154
operator O ∈ K
✟✟PQ
coupling log10∆θ
QΨ† P 10w0 −164
Q†Ψ P 10w0 −164
Q†Ψ
†
P 9 −122
S
c
Sc P 10w0 −164
S
c
Ψc P 5w0 −84
S
c
Ψ
c†
P 4 −42
ScΨ
c
P 6w0 −100
ScΨc† P 5 −58
X2 P 10w0 −164
Σ2 P 10w0 −164
ΨΨ P 11 −154
ΨΨ† P 10w0 −164
ΨΨ
†
P 10w0 −164
Ψ
†
Ψ† P 9 −122
ΨcΨ
c
P 11 −154
ΨcΨc† P 10w0 −164
Ψ
c
Ψ
c†
P 10w0 −164
Ψ
c†
Ψc† P 9 −122
HQSc P 5w0 −88
HScΨ P 5w0 −88
HScΨ† P 4 −46
QcScΣ P 5 −62
ScΣΨc P 5 −62
ScΣΨ
c†
P 4w0 −72
HQ†Sc P 5 −62
HScΨ P 6w0 −104
HScΨ† P 5 −62
Qc†S
c
Σ P 5w0 −88
S
c
ΣΨ
c
P 6 −78
S
c
ΣΨc† P 5w0 −88
25
Table 7: Sizes of masses (left) and coupling constants for dimension-4 and -5 operators
which can be relevant to proton decay(right) in the minimal model.
operator O mass mO log10mO
H2 w0 5
QcS
c
P 5 −22
QcΨ
c
P 10
S
c
Sc w0 5
S
c
Ψc P 5 −22
ScΨ
c
P 6 −30
X2 w0 5
Σ2 w0 5
QΨ P 10
ΨΨ P 10
ΨcΨ
c
P 10
S
c
ScX 1 16
ScScΣ 1 16
S
c
S
c
Σ 1 16
HQSc P 5 −24
HScΨ P 5 −24
QcScΣ P 5w0 −37
ScΣΨc P 5w0 −37
HScΨ P 6 −32
S
c
ΣΨ
c
P 6w0 −45
operator O λO or κO log10 λO, κO
Q2QcSc P 5w0 −55
Qc3Sc P 5w0 −55
Q4 w0 −31
Qc4 w0 −31
Q3Ψ w0 −31
QQc2Ψ w0 −31
QQcScΨ P 5w0 −55
QQcS
c
Ψ P 6w0 −63
Q2QcΨc w0 −31
Q2ScΨc P 5w0 −55
Qc3Ψc w0 −31
Qc2ScΨc P 5w0 −55
Q2S
c
Ψ
c
P 6w0 −63
Qc2S
c
Ψ
c
P 6w0 −63
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Table 8: Sizes of ∆θ in the RPV model. The operators which induce ∆θ > 10−20 are
highlighted.
operator O ∈W
✟PQ
coupling log10 ∆θ
1 H2P 4w0 −14
H2 P 8w0 −106
HH H2P 4w0 −106
H
2
P 8P
2
−112
QcS
c
P 8Pw0 −122
QcΨ
c
P 7w0 −90
S
c
Sc H2P 4w0 −106
S
c
Ψc P 8Pw0 −122
ScΨ
c
P 8P
2
w0 −138
X2 H2P 4w0 −106
Σ2 P
6
−48
ΣΣ H2P 4w0 −106
Σ
2
P 4P
2
−48
QΨ P 9P
2
w0 −154
ΨΨ H2P
5
−96
ΨcΨ
c
P 7w0 −90
HQSc P 8Pw0 −126
HScΨ P 9P
2
−132
HQSc P 7 −68
HScΨ P 8Pw0 −126
QcScΣ P 8P −100
QcScΣ P 3w0 −30
ScΣΨc P 8P −100
ScΣΨc P 3w0 −30
HS
c
Ψ P 9Pw0 −142
HS
c
Ψ P 8 −84
S
c
ΣΨ
c
P 4w0 −46
S
c
ΣΨ
c
P 8P
2
−116
operator O ∈ K
✟PQ
coupling log10 ∆θ
1 H2P 4 −14
H2 P 8 −106
HH H2P 4 −106
H
2
P 6P
†2
−106
QcQc† H2P 4 −106
QcS
c
H2P 3P
†2
−122
QcΨ
c
P 7 −90
QcΨc† H2P 4 −106
Qc†Sc P 6P
†3
−122
Qc†Ψc H2P 4 −106
Qc†Ψ
c†
P 7P
†2
−122
QQ† H2P 4 −106
QΨ H2P 4P
†
−122
QΨ† P 6P
†2
−106
Q†Ψ P 8 −106
operator O ∈ K
✟PQ
coupling log10 ∆θ
Q†Ψ
†
P 7w0 −116
S
c
Sc H2P 4 −106
S
c
Ψc H2P 3P
†2
−122
S
c
Ψ
c†
P 8w0 −132
ScΨ
c
H2P 3P
†
−106
ScΨc† P 6P
†3
−122
X2 H2P 4 −106
Σ2 P 3P
†3
−74
ΣΣ H2P 4 −106
Σ
2
P 2P
†2
−42
ΨΨ P 8P
†
−122
ΨΨ† H2P 4 −106
ΨΨ
†
H2P 4 −106
Ψ
†
Ψ† P 6P
†
−90
ΨcΨ
c
P 7 −90
ΨcΨc† H2P 4 −106
Ψ
c
Ψ
c†
H2P 4 −106
Ψ
c†
Ψc† P 7P
†2
−122
HQSc H2P 3P
†2
−126
HScΨ P 7P
†2
−126
HScΨ
†
H2P 3P
†
−110
HQSc P 7w0 −120
HScΨ H2P 3P
†2
−126
HScΨ
†
P 5P
†3
−110
QcScΣ P 6P
†3
−126
QcScΣ P 3 −30
ScΣΨc P 6P
†3
−126
ScΣΨ
c†
P 8 −110
ScΣΨc P 3 −30
ScΣΨ
c†
H2 −46
HQ†S
c
H2P 4P
†
−126
HS
c
Ψ H2P 4P
†2
−142
HS
c
Ψ† P 6P
†3
−126
HQ†S
c
P 6P
†3
−126
HS
c
Ψ P 8w0 −136
HS
c
Ψ† P 7 −94
Qc†S
c
Σ H2P −62
Qc†S
c
Σ H2P 3P
†2
−126
S
c
ΣΨ
c
P 4 −46
S
c
ΣΨc† H2P −62
S
c
ΣΨ
c
P 6P
†2
−110
S
c
ΣΨc† H2P 3P
†2
−126
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Table 9: Sizes of masses (left) and coupling constants for dimension-4 and -5 operators
which can be relevant to proton decay (right) in the RPV model.
operator O mass mO log10mO
H2 PP 2
HH w0 5
H2 PP 3w0 −27
QcS
c
PP
2 −6
QcΨ
c
P 10
S
c
Sc w0 5
S
c
Ψc PP
2 −6
ScΨ
c
PP
3 −14
X2 w0 5
Σ2 P
6 −30
ΣΣ w0 5
Σ
2
P 4P
2 −30
QΨ P 2P
3 −22
ΨΨ P 10
ΨcΨ
c
P 10
S
c
ScX 1 16
ScScΣ 1 16
S
c
S
c
Σ 1 16
HQSc PP 2 −8
HScΨ P 2P 3w0 −37
HQSc Pw0 −5
HScΨ PP 2 −8
QcScΣ PP
2
w0 −21
QcScΣ P 3w0 −21
ScΣΨc PP
2
w0 −21
ScΣΨc P 3w0 −21
HScΨ P 2P 2 −16
HScΨ PPw0 −13
S
c
ΣΨ
c
P 4w0 −29
S
c
ΣΨ
c
PP
3
w0 −29
operator O λO or κO log10 λO, κO
Q2QcSc P −10
Qc3Sc P 3w0 −39
Q4 H2w0 −63
Qc4 P 4P
2 −66
QΣΨ P
6 −48
QΣΨ w0 −13
Q3Ψ P 4w0 −63
QQc2Ψ w0 −31
QQcScΨ PP
2
w0 −39
QQcS
c
ΣΨ H2Pw0 −73
QQcS
c
Ψ PP −18
QQcScΣΨ H2 −52
QcΣΨc w0 −13
QcΣΨc P 4P
2 −48
Q2QcΨc PP
3
w0 −63
Q2ScΨc P −10
Qc3Ψc P 4P
2 −66
Qc2ScΨc P 3w0 −39
Q2S
c
ΣΨc P
7 −76
Qc2S
c
ΣΨc PP
2 −44
Q2S
c
Ψ
c H2w0 −47
Qc2S
c
Ψ
c
PP
3
w0 −47
Q2ScΣΨ
c
P
2
w0 −49
Qc2ScΣΨ
c
P 3P −52
Q2Σ P 4w0 −45
Qc2Σ w0 −13
Q2QcS
c
Σ P
7 −76
Qc3S
c
Σ PP
2 −44
Q2Σ PP
3
w0 −45
Qc2Σ P 4P
2 −48
Q2QcS
c
Σ Pw0 −41
Qc3S
c
Σ P 3 −44
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